ABSTRACT: The synthesis of mudstone petrology and interbedded sandstone detrital zircon geochronology provides insights into the provenance, weathering regime, hydrodynamic effects, and diagenesis of the Mesoproterozoic Unkar Group. Unkar mudstones were derived largely from the Grenville Orogen (GO) of southwest Texas and the adjacent Yavapai-Mazatzal (YM) and Southern Granite Rhyolite (SGR) terranes. Detrital zircon data indicate distinct pulses of GO-derived sediment during Hakatai and Dox Formation deposition whereas Shinumo sediment contains a larger component of YM and SGR material. An increase in plagioclase and biotite abundances in the Dox further suggest an orogenic pulse. Bulk chemistry, including elevated Cr and Ni abundances and REE systematics, implicate a heterogeneous provenance for Unkar sediment best approximated by a mix of granite or granodiorite with some basalt.
INTRODUCTION
The Grand Canyon Supergroup is one of the best-preserved and wellexposed Proterozoic sedimentary successions in the southwestern United States and has provided significant insights into Precambrian paleogeography and the evolution of the North American continent (e.g., Beus and Morales 2003 and references therein) . Mudstones (sensu stricto Potter et al. 2005 , Appendix A.2) constitute greater than 50% of the Grand Canyon Supergroup and are an underutilized resource in evaluating the tectonic and sedimentary evolution of Rodinia and southwest Laurentia. This study begins to address that deficiency.
Recent work on the Grand Canyon Supergroup Timmons et al. 2005; Dehler et al. 2001 ) and other Proterozoic sedimentary successions in the southwestern United States and Mexico (Stewart et al. 2001 ) provides insights into the tectonic and structural development and demise of the supercontinent Rodinia and the subsequent evolution of southwest Laurentia. Much of this work has utilized sandstone detrital zircon geochronology to evaluate provenance and reconstruct sediment distribution patterns (e.g., Bickford et al. 2000; Stewart et al. 2001; . Refined geochronology of Grand Canyon Proterozoic sedimentary successions (Karlstrom et al. 2000; Timmons et al. 2005 ) permits a more detailed evaluation of Proterozoic basin development, interbasin correlations, and associated sedimentary paleoenvironments. In addition, new details of the southern portion of the Grenville Orogeny are being revealed by geochemical (Smith et al. 1997; Barnes et al. 2004a; Barnes et al. 2004b ), geochronological (Bickford et al. 2000; , thermochronological (Grimes and Copeland 2004) , and tectonic (Mosher 1998 ) studies of the remnants of the orogenic belt. All of these studies provide a refined framework in which to evaluate Mesoproterozoic mudstone composition and the implications it has for Rodinian tectonics, climate, and weathering.
This study integrates the geochronology, chemistry, and mineralogy of Mesoproterozoic Unkar Group mudstones with some of the existing geochemical data of coeval Proterozoic ''basement'' terranes to determine the sources of Unkar sediment, the influence of Grenvillian orogenesis on inboard Rodinian sediment distribution during Unkar Group (ca. 1.25-1.10 Ga) deposition, and the effects of weathering, transport, and diagenesis on sediment chemistry. Timmons et al. (2005) link the southern portion of the Grenville Orogen (GO) (Texas Grenville of Mosher 1998 and Bickford et al. 2000 -, 1360 -1070 with inboard intracratonic basin formation during deposition of the Unkar Group (Fig. 1) . Sandstone detrital zircon geochronology identifies specific source-area age populations that are, in some cases, coeval with Unkar Group deposition (Timmons et al. 2005) .
Background
Unroofing of proximal basement terranes just prior to Unkar Group deposition is inferred from Ar 40 /Ar 39 K-feldspar thermochronology and detrital muscovite thermochronology (Timmons et al. 2005; ) and continued into overlying Nankoweap Formation deposition (Grimes and Copeland 2004) . Deposition of carbonates and volcanics (ca. 1.25 Ga Allamore and Tumbledown formations, Castner Marble), in a back-arc basin or epicontinental seaway, and foreland-basin sandstones (Apache [, and De Baca [1.40-1.15 Ga] groups) occurred to the southeast of the Unkar basin more proximal to the orogenic front (Timmons et al. 2005; Pittenger et al. 1994 ). This period of sedimentation was coeval with or followed closely by widespread emplacement of ca. 1.16-1.07 Ga Grenville-related granites, rhyolites Smith et al. 1997; Bickford et al. 2000) , and mafic intrusives (Barnes et al. 2004b) .
Within the Grand Canyon, the underlying Granite Gorge Metamorphic Suite (GGMS; Fig. 2 ) and associated plutonic rocks represent deformation and intrusion related to Paleoproterozoic island-arc development, amalgamation, and stabilization of juvenile crust (Karlstrom et al. 2003) . Grand Canyon basement rocks range in age from , 1.84 to , 1.40 Ga Hawkins et al. 1996; Ilg et al. 1996) and include gabbro and supracrustal metasedimentary and metavolcanic rocks intruded by synorogenic peraluminous granites and aplite. These rocks are part of the YM Crustal Province (Condie 1992) .
Exhumation of basement rocks from mid-crustal depths postdates emplacement of ca. 1.4 Ga granitoids in the Grand Canyon and predates the onset of Unkar Group deposition at , 1.25 Ga. To date, thermochronology suggests that basement exhumation in the Grand Canyon was contemporary with earliest Grenville orogenesis between 1.30 and 1.25 Ga .
Deposition of Unkar Group sediments occurred in shallow-water marine, marginal marine, and fluvial environments. Bass Formation conglomerate, limestone, and mudstone indicate shallow-water deposition in marine to nearshore or marginal marine environments. Hakatai mudstones and sandstones may represent prodeltaic to deltaic sedimentation and are unconformably overlain by Shinumo nearshore quartz sandstones. The Dox Formation is a complex sequence of marine, estuarine, and fluvial mud-dominated deposits that represent deposition at the prograding margin of the Unkar Basin (Timmons et al. 2005) .
The burial history of the Unkar Group is recorded in the Neoproterozoic and Phanerozoic rocks of the western Colorado Plateau. Maximum burial depth of , 5.5 km most likely was reached in the Late Cretaceous (Morales 2003) , and organic thermal maturation data from the overlying Neoproterozoic Chuar Group are consistent with a maximum burial temperature of , 170uC (Wiley et al. 1998; Wiley et al. 2002) .
A detailed synopsis of Unkar Group stratigraphy and inferred sedimentary environments is given in Timmons (2004) and Timmons et al. (2005) . Additional descriptions of Unkar lithostratigraphy and paleoenvironments are provided by Hendricks and Stevenson (2003) .
Methods
Mudstone samples from multiple locations were collected from described and measured sections (Timmons 2004) , commonly in tandem with interbedded sandstone samples. U-Pb geochronology of sandstone zircons was conducted by laser ablation multicollector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS). A detailed description of the method, sources of error, age uncertainties, and interpretation is provided in the data repository of Timmons et al. (2005) .
Complete characterization of the bulk chemistry and mineralogy of Unkar Group mudstones includes bulk chemical analysis of major and FIG. 1.-Rodinian paleogeography modified after Timmons et al. (2005) showing inferred fluvial connections between source terranes (see Table 1 minor elements by X-ray fluorescence (XRF), bulk X-ray diffraction (XRD) of whole-rock powders, selective clay-mineral analysis by XRD of , 2 mm separates, trace-element and rare-earth-element (REE) analysis of a subset of samples by ICP-MS, and petrographic analysis by backscattered electron microscopy (BSEM). Bulk chemical and mineralogical data are used as input to determine quantitative mineral abundances by linear programming (LPNORM; de Caritat et al. 1994) .
Major-element XRF analysis was done on Li-metaborate fused beads prepared by standard procedures, and minor-element analysis was done on pressed powder pellets (Baedecker 1987) . Comparison of standard analyses (NBS-688) and replicate analysis of unknowns indicates accuracy to within 1.0% for major-element abundances, except Na (4.0%), and , 10% for minor elements. Tabulated bulk major-element, minor-element, and rare-earth-element data are available in the JSR digital data archive (see Acknowledgments section for URL).
Bulk XRD was done with CuKa radiation generated at 35 mA, 40 kV accelerating voltage, using a Scintag PAD-V diffractometer on unoriented powder mounts from 4 to 64u 2h at 2u/minute. Clay-mineral separates (, 2 mm) were analyzed with identical power settings from 2 to 35u 2h at 1u/minute on oriented mounts (millipore method) under conditions of relative humidity, ethyelene glycol saturation, and heating at 550uC for one hour (Moore and Reynolds 1989) . Partial characteristic bulk-rock X-ray diffractogramas are available in the JSR Data Archive.
REE and minor-element analysis (Rb, Sr, Y, Zr, Nb, Ba, Th, U) were done by ICP-MS on whole-rock digestions (HF and HNO 3 ) using standard addition to correct for matrix effects (Jenner et al. 1990) .
Comparison with standard analysis (MRG-1) and replicate analysis of unknowns indicates accuracy to within 10% of actual values for all elements except for Zr and Nb (15%), Ba (24%), and Th (, 30%).
Mudstone petrography was done by standard light-microscopy and backscattered electron microscopy (BSEM) on polished sections. BSEM was done on carbon-coated sections using a Jeol 5800 LV SEM equipped with an annular 2 kV-threshold BSE detector. Operating conditions were 20 kV, 75 mA filament current, spot size 12, and a working distance of , 10 mm. The SEM is equipped with an Oxford ISIS 300 ultra-thin window EDS detector for mineral and matrix characterization. Quantitative mineral abundances are calculated using LPNORM (de Caritat et al. 1994 ) from bulk major-element oxide data using a mineral suite that is determined from bulk and clay XRD and petrographic data. Mineral modes determined by linear programming are very sensitive to mineral compositions used as input. Minerals with variable compositions and that form solid solutions can be problematic. Solid-solution compositions (micas, feldspars, carbonates) are calculated using endmember components (e.g., albite-anorthite; calcite-magnesite-siderite) and then combined to give a total abundance and average composition. Chlorite can be similarly modeled using chamosite (Fe) de Caritat et al. 1994 for details of this method). Based on analyses of standard clay-mineral mixtures and well-characterized clastic sediment, calculated modes are estimated to be within , 15% of actual values. The LPNORM input and output files, as well as the tabulated mineral modes, are available in the JSR Data Archive.
RESULTS

Geochronology
Selected age-distribution plots are shown in Figure 2 with estimated minimum ages of deposition and associated errors. Additional agedistribution data and corresponding concordia diagrams are available in the JSR Data Archive.
There are three distinct populations of detrital zircons that directly tie Unkar Group sediments to specific source terranes. Older zircon ages to , 1850 Ma indicate sediment input from adjacent tectonic provinces of southwest Rodinia including the Yavapai-Mazatzal (YM; Condie 1992) and Southern Granite-Rhyolite (SGR; Van Schmus et al. 1996) terranes (Fig. 2, Table 1 ). Archean-age zircons may be recycled from older sedimentary rocks and the above Mesoproterozoic tectonic provinces or sourced from the Wyoming Craton or other unknown Archean terranes.
There is a significant population of , 1300 Ma zircons in the Hakatai Formation, linking this unit with Grenville-age detritus. The Shinumo Formation has three distinct populations , 1950 Ma but is dominated by zircons from 1600 to 1950 Ma, suggesting a significant detrital input from the adjacent YM and SGR terranes. The Dox Formation, represented by the sandstone-rich Solomon Temple Member, has zircons largely , 1300 Ma, signifying another pulse of GO detritus.
Petrography and Mineralogy
Petrographic characteristics of Unkar mudstones are summarized in Table 2 , and average mineral modes are shown in Figure 3 . Unkar Group sediments broadly can be described as red beds with lithologies that range from claystone to fine-grained sandstones but include medium-grained, well-sorted quartzite (Shinumo Formation) and mudchip wacke (Comanche Point Member). Shallow-water sedimentary structures (wave and current ripples, centimeter-scale foresets) and exposure surfaces (mudcracks and tension cracks) are common throughout the Unkar Group (Fig. 4A, C) . The Shinumo Formation unconformably overlies the Hakatai and exhibits intervals of extensive bedding deformation, waterescape structures, and probable seismites (Timmons 2004) . The Escalante Creek Member has numerous thin (, 5 m), stacked, fine-grained sandstone channels that may be cut and filled with mudstone. The Ochoa Point Member of the Dox Formation has numerous surfaces with exquisitely preserved salt casts ( Fig. 4B ) and mudcracks.
Most mudstones are matrix supported, and framework grains are dominantly angular to subangular (Fig 4) . Graded bedding is common (Fig. 4D ). Pseudomatrix is abundant and results mainly from the deformation of mudstone intraclasts (Fig. 4E, F ). Matrix and mudstone intraclast compositions are very similar (Fig. 4F ). Compaction deformation is minimal, as evidenced by common undeformed micas (Fig. 4D , G), well-preserved mudstone intraclasts (Fig. 4F ), minimal framework-grain contacts and suturing (Fig. 4G) , and well-preserved early diagenetic, matrix-hosted dolomite cement (Fig. 4F) .
Obvious silicate-mineral authigenesis is restricted to the Bass and Hakatai formations in proximity to intrusions of Cardenas basalt and feeder dikes and sills. These samples have significant K-feldspar cement and, in some cases, a hornfels texture and associated metasomatized mineral assemblage (see JSR Data Archive). Rare illitization of feldspar is observed (Fig. 4E) .
Backscattered electron microscopy (BSEM) reveals well-preserved labile framework grains that include plagioclase, biotite, muscovite, and mudstone intraclasts in addition to quartz and K-feldspar . Secondary (resulting from weathering and/or diagenesis) framework The Hakatai Formation has up to , 40 wt% K-feldspar and abundant illite. Illite occurs as 2M 1 and 1M or 1M d varieties, and detrital muscovite is also common. The K-feldspar occurs as detrital grains, overgrowths, and cement, is predominantly authigenic, and most likely results from K-metasomatism associated with contact metamorphism.
3.
The Shinumo Formation is characterized as a quartzite, but mudstone-rich intervals in the upper Shinumo, near the contact with the overlying Dox Formation, contain a significant amount of detrital muscovite and/or illite. Similar to the Hakatai, the Shinumo contains virtually no plagioclase feldspar. 4.
A major change in mineralogy occurs at the conformable transition of Shinumo to Dox (Fig. 3) . The basal Escalante Creek Member of the Dox Formation is very ''immature'' relative to the Shinumo in that the mudstone quartz content is lower and the plagioclase content is much higher. Detrital biotite and muscovite are also common in the Escalante Creek Member. Total clay content is higher. The Solomon Temple Member is similar in composition to the Escalante Creek Member but has a higher sandstone/mudstone ratio, higher hematite abundances, and noticeably less mica. 5.
Another distinct compositional change occurs at the Solomon Temple-Comanche Point contact within the Dox Formation. The Comanche Point and overlying Ochoa Point members are finer grained and show a significant increase in K-feldspar content relative to the lower Dox. In addition, the abundance of authigenic carbonate, both dolomite and calcite, increases. 6.
The Comanche Point Member has a substantial population of coarse-sand-size mudchip intraclasts and therefore can be classified as a mudchip wacke, and, uniquely, contains detrital calcite.
Bulk Chemistry
Major Elements.-Tabulated bulk chemical data are available from the JSR Data Archive. Whole-rock major-element variations among Unkar Group formations and members are readily attributable to variations in mineralogy. Mineralogical variations, in turn, may be controlled by provenance, weathering, transport and depositional hydrodynamics, diagenesis, and, in the case of the Bass Formation, contact metamorphism.
Weathering effects, which are dominated by the hydrolysis of plagioclase, can be assessed by evaluation of major-element variation on A-CN-K and A-CNK-FM ternary diagrams (Fig. 5; Nesbitt 1995) . In addition, the Chemical Index of Alteration (CIA; Nesbitt and Young 1982) has been superimposed on the A-CN-K ternary to quantify the degree of weathering (Fedo et al. 1995) . Figure 5 shows the normalized molar bulk oxide composition in A-CN-K and A-CNK-FM space for Unkar samples as well as coeval crystalline source rocks listed in Table 1 . (The molar Ca, Fe, and Mg values are corrected to a carbonate and apatite-free basis.) Most of the source-rock samples fall at or below the A 50 line (the feldspar join; Fedo et al. 1995) , indicating virtually no alteration of these samples. Three of the source-rock samples have A or CIA values of between 50 and 55, indicating a minimal degree of alteration. One sample, a gneiss from the GGMS, is significantly altered (CIA . 75). Excepting this latter sample, all the source-rock values represent viable baseline compositions from which weathering and other alteration trends can be evaluated (Nesbitt 1995) . A similar conclusion is drawn from the A-CNK-FM ternary, where most source-rock samples fall at or below the biotite-feldspar join, indicating a dominantly unweathered mineralogy.
In A-CN-K space (Fig. 5) , Unkar Group samples fall into three groups. The majority of the samples show a moderate degree of weathering with CIA values between 55 and 70 and plot above the center of the feldspar join. A second group of samples representing the Shinumo and Hakatai formations lie along the A-K join and have CIA values similar to those of the Dox samples. The third group includes all of the Bass Formation, one sample each from the Ochoa Point and Comanche Point members, and a Hakatai Formation sample. These plot below the feldspar join and form a trend towards the CN corner, indicating reverse weathering (CIA values , 50); that is, significant diagenetic and/or contact metamorphic alteration. The mineralogy of these samples confirms significant alteration (see JSR Data Archive).
The weathering of plagioclase, the primary alteration process of crystalline source rocks, is expressed as a vector parallel to the CN-A join (Nesbitt 1995) . The addition of K (K metasomatism) is similarly expressed by a vector parallel to A-K. Dox Formation samples (Fig. 6 ) lie along vectors away from the CN (plagioclase) corner parallel to the CN-A that indicate weathering of plagioclase from a range of granitic to rhyolitc compositions, as represented by vector #1 in Figure 6 . The Escalante Creek samples form an oblique (to CN-A) linear trend (#2, Fig. 6 ) that intersects the feldspar join at a plagioclase/feldspar ratio of , 5:1; a granodiorite. This composition would represent an average unweathered source (Fedo et al. 1995) of the Escalante Creek sediment. Fig. 3 and JSR Data Archive), and therefore it is likely that the sequestration of K in illite (or a precursor phase such as smectite or mixed layer illite-smectite) before or after deposition (metasomatism) is a factor in Unkar mudstone alteration (see Clay Mineralogy section below). Ferromagnesian (FM) alteration trends can be evaluated on the A-CNK-FM ternary (Fig. 5) . Unkar samples plot in two groups here. The samples affected by diagenesis and contact metamorphism lie near or below the feldspar-biotite join, as do most of the source-rock samples. The weathered samples lie above the feldspar-biotite join and show a range of Fe and Mg compositions consistent with plagioclase weathering. However, the FM component is enriched relative to most of the granite and rhyolite source-rock compositions that are implicated on the A-CN-K ternary. There are two possible explanations for this. The first is Fe-enrichment by the addition of adsorbed Fe-oxide on clays that are preferentially sequestered in mudstones (e.g., Fig 4F) . Feenrichment (ferrallization) occurs in tropical weathering profiles in situ as more mobile elements are removed from regolith under intense weathering conditions (Chesworth 1992) . Sediment recycling, as indicated by common to abundant mudstone intraclasts, may enhance this affect. The second explanation is the mixing of a more mafic source component with granitic detritus. As shown on the A-CNK-FM plot, there is a range of potential sources with increasing Fe and Mg contents that include GGMS Fe-rich granites ), intermediate to mafic schists, amphibolites (Clark 1979) , and basalts (Rudnick 1983; Mosher 1998 and references therein; Barnes et al. 2004a ).
Rare Earth and Trace Elements.-Representative chondrite-normalized REE (Fig. 7A ) plots of each lithostratigraphic unit indicate LREE enrichment (5.5 , La N /Yb N , 8.6), a moderate negative Eu anomaly (0.6 , Eu/Eu* , 0.8; m 5 0.67), and generally flat HREE distributions characteristic of sediment derived from dominantly granitic sources (Condie 1991; Taylor and McLennan 1985) . The variation in HREE distributions shown in PAAS normalized plots (Fig. 7B) is consistent with both more variable heavy-mineral abundances and perhaps the presence of a mafic component (Totten et al. 2000) . The mean La N /Yb N of 6.8 is well below the average shale value of , 13 (Taylor and McLennan 1985) . Cullers et al. (1975) and Condie (1991) demonstrate the importance of clay minerals in determining bulk REE in mudstones. In Unkar Group samples, comparison of the clay fraction and bulk REE abundances highlights the variable REE distribution in the clay-size fraction (Fig. 8) .
In all units except the Escalante Creek Member, the LREE are enriched in the clay-size fraction (Fig. 8) . It is therefore likely that illite, the most abundant clay mineral (see below), is LREE-enriched. In the Ochoa Point and Comanche Point members and the Hakatai Formation, HREE also are concentrated in the clay-size fraction, as shown by clay/whole rock values . 1. Zircon, significantly enriched in HREE, is the most abundant heavy mineral in the Unkar Group and has been shown to be a significant contributor to the REE budget in mudstones (e.g., Taylor and McLennan 1985) . Hf systematics (Fig. 8) , as a proxy for zircon, (Zr-Hf correlation coefficient 5 0.978; see JSR Data Archive) suggest that zircon occurs largely in the silt-size fraction in the Shinumo Formation and the Escalante Creek and Solomon Temple members (Hf clay /Hf wholerock , 0.6) and therefore a significant portion of the HREE budget in these units is in the silt-size fraction, not the clay-size fraction. In the Hakatai Formation and Ochoa Point Member, most zircon is apparently in the clay-sized fraction (Hf clay /Hf whole-rock $ 1) and therefore extremely fine grained. The Comanche Point Member shows a consistent 20% increase in the clay-size REE abundances and an intermediate Hf clay / Hf whole-rock value of , 0.8. This is a common attribute of many mudstones (Taylor and McLennan 1985) .
These observations highlight the complex interplay between mineralogy and grain-size distribution on REE abundances in mudstones. There is no significant mineralogical variation within the clay size fraction (see JSR Data Archive) consistent with the conclusions of Cullers et al. (1975) that clay mineralogy is not a controlling factor of REE distributions and that the clay size fraction may contain other REE-bearing mineral phases. Further, these observations seem to be at odds with Condie (1991) , who suggests that clays are more important than zircon in controlling both LREE and HREE distribution in mudstones.
Cr and Ni values show a positive correlation but limited range of values in relation to potential sources (Fig. 9) . All Unkar Group samples are enriched in Ni and Cr relative to potential granite and rhyolite sources, and the Dox Formation has a Cr/Ni value of , 1.7, which is consistent with mixing of upper crustal and total or lower crustal sources (Taylor and McLennan 1985) . These data, in addition to Fe enrichment (Fig. 5) and elevated HREE abundances relative to PAAS (Fig. 7B) , are interpreted to indicate a mafic component in the sediment mix. The Hakatai Formation has elevated Cr values relative to the Dox (Cr/ Ni , 4.3), suggesting a Cr-enriched mafic component that is distinct from that of the overlying Unkar units.
Clay Mineralogy
In most Unkar samples, the , 2 mm fraction consists dominantly of illite with variable amounts of kaolinite and chlorite (see JSR Data Archive). The Bass Formation contains significant well-crystallized chlorite and little illite. Illite in shales and mudstones is commonly a mixture of both detrital (allogenic) and authigenic (neoformed in situ) phases (Bailey et al. 1962) . K-Ar dating of illites in mudstones confirms FIG. 5 .-A-CN-K and A-CNK-FM ternaries (Nesbitt 1995) with normalized molar abundances for Unkar Group units and potential protolith. Shaded zone is range of CIA (Chemical Index of Alteration) values for weathered Unkar samples (see Fedo et al. 1995) . Kao 5 kaolinite, Ill 5 illite, Mus 5 muscovite, Ksp 5 K-feldspar, Plg 5 plagioclase feldspar, Chl 5 chlorite, Hem 5 hematite. Line at A 5 50% is feldspar join. See Table 1 for references for source-terrane data and text for discussion.
that the 2M 1 polytype is largely detrital and the 1M and 1M d polytypes are dominantly authigenic in origin (Pevear 1999; Grathoff and Moore 1996) . 2M 1 illite is the most abundant polytype in Unkar mudstones (Fig. 10 ) and has both detrital and authigenic origins. The Bass, Hakatai, and Shinumo formations have very-well-crystallized 2M 1 illite, which, in the case of the Bass and some Hakatai samples, can be attributed to contact metamorphic conditions. The Shinumo has up to , 50 wt% muscovite, matrix 2M 1 illite (JSR Data Archive), and the sampled sections are not proximal to, or crosscut by, intrusive igneous bodies, all of which suggest that much of the matrix material is detrital. Illite pseudomorphs after feldspar and/or kaolinite are rare. This is consistent with maximum burial temperatures of , 170uC. These mineralogical and petrographic characteristics, in addition to bulk chemical trends, suggest that the Shinumo is derived largely from a more potassium-rich source (trends # 4 and/or# 5 in Fig. 6 ) rather than resulting from significant K-metasomatism (trend #6), and the abundance of muscovite and 2M 1 illite further suggests a significant schist or phyllite protolith component.
In the Dox Formation, the illite 001 peak morphology broadens to the low-angle side, and distinct 1M (or 1M d ) and 2M 1 peaks are be discerned (see JSR Data Archive). Some Dox samples reveal small but diagnostic peaks for 1M illite in unoriented diffractograms (Fig. 10) . In conjunction with BSEM images, these data are interpreted to reflect a greater abundance of authigenic 1M illite in Dox matrix.
The low abundance of kaolinite (JSR Data Archive) throughout the Unkar Group is inconsistent with intense weathering, but these low abundances may, in part, reflect some illitization of kaolinite and moderate K-metasomatism during diagenesis (see below). Significantly higher chlorite abundances, particularly in the Dox Formation, are also inconsistent with an intense weathering regime and likely reflect moderate weathering conditions and/or more rapid erosion and deposition of sediment associated with orogenesis.
DISCUSSION
Weathering Effects
Detrital zircon geochronology ties Unkar Group sediment directly to the adjacent tectonic provinces (YM, SGR) and the Grenville Orogen (GO), consistent with paleocurrent data (Timmons et al. 2005; Hendricks and Stevenson 2003) . The primary concern then is how faithfully Unkar mudstones reflect source composition. The Dox Formation, particularly the Escalante Creek Member, preserves labile minerals including biotite and plagioclase feldspar, has a lower abundance of hematite, and minimal compaction and diagenetic alteration. Bulk chemical trends (Figs. 5, 6 ) of the Dox are similar to other Mesoproterozoic mudstone compositions that record provenance information and the degree of weathering and alteration (Fedo et al. 1997; Fedo et al. 1996; Nesbitt 1995) .
Unkar CIA values (Fig. 5 ) are similar to those of the glaciogenic Paleoproterozoic Gowganda Formation (CIA 5 , 70; Young and Nesbitt 1999) and Neoproterozoic Mineral Fork Formation shales and diamictites (CIA , 60-75; Young 2002 ) that are interpreted to represent weathering in a temperate climate but are distinctly lower than overlying Chuar Group (Grand Canyon) CIA values (, 70-90; Dehler et al. 2005) that record wet to dry climatic variations in a non-orogenic environment.
Studies of element mobility in weathering profiles show that where erosion rates are high, elemental fractionation is minimal, and sediment chemistry reflects provenance chemistry (e.g., Brimhall and Dietrich 1987) . Nesbitt and Young (1984) demonstrate that despite chemical weathering and associated mineralogical alteration of protolith, bulk chemical composition may be preserved under a variety of weathering regimes and climatic conditions. Where annual precipitation rates are high, mass flux within soil profiles rapidly approaches elemental equilibrium that reflects parent-rock composition (Stiles et al. 2003) , and paleosols are commonly used to evaluate paleoclimate and weathering regimes (e.g., Retallack 1990) . Protracted pedogenesis may result in loss of mobile elements that includes iron, magnesium, sodium, calcium, and phosphorus (e.g., Sheldon 2003) , and REE can be fractionated within the pedogenic profile (Morey and Setterholm 1997; Nesbitt 1979) , but relatively rapid rates of erosion, particularly in tectonically active settings, can mitigate local chemical weathering effects (West et al. 2005; Pasquini et al. 2005; Taylor and McLennan 1985) .
Dox Formation CIA values indicate minimal to moderate weathering, and their position on the A-CN-K ternary, relative to potential protolith, are consistent with variable plagioclase weathering and minor K-metasomatism (trends #3 and #5, Fig. 6 ). The linear trend of Escalante Creek values on the A-CN-K ternary indicates less mixing of sources of variable composition (Fedo et al. 1995 ) and points to a granodiorite source.
Some K-metasomatism has occurred (trend #3, Fig. 6 ) during diagenesis and is the likely source of the 1M illite in the Dox (Fig. 10) . Sediment K-uptake during early diagenesis has been documented in estuarine (Hover et al. 2002) , deltaic (Johns and Grim 1958) , and proximal marine (Drever 1971) environments. It is estimated from Figure 6 that , 7% of the potassium in the Escalante Creek Member may result from metasomatism. Using a 1M illite composition with , 0.66 K per unit cell (Grathoff and Moore 1996) , approximately 12-15% of the illite in the Escalante Creek could be authigenic. This is consistent with XRD data that indicate that detrital 2M 1 illite is the dominant polytype (Fig. 10) .
The close proximity of Unkar bulk chemical values to protolith argues against intense chemical weathering associated with equatorial climates and ferrallization of weathering residue. The low abundance of kaolinite, significant chlorite content, preservation of labile framework minerals, and the dominance of detrital 2M 1 illite suggest a more moderate, temperate weathering regime.
Provenance
The intersection of the Escalante Creek mudstone trend with the feldspar join in Figure 6 suggests a dominantly granodiorite source for these sediments, but this composition can be mimicked by the mixing of more mafic sources with granite (see below) or chemically equivalent metamorphic rocks. A mixed source is supported by Fe enrichment and Cr/Ni values and is the simplest interpretation of the bulk chemical trends shown in Figure 5 . Totten et al. (2000) identified a similar range of Cr values in the Mississippian Stanley Group with a mafic (oceanic crust) component, as did Fedo et al. (1996) in the Archean Buhwa Group.
Focusing on immobile elements, a simple mass balance of average rock-type compositions (Table 3) Table 1 for data references). Total-crust and upper-crust values are from Taylor and McLennan (1985) . Hakatai Formation (dotted line) has much higher Cr/Ni values than the Dox Formation, represented by Solomon Temple regression (solid line).
are adjusted to 80% of their actual values to compensate for the observed , 20% enrichment in REE relative to crustal sources that commonly occurs in moderately weathered mudstones (Nesbitt and Markovics 1997; Taylor and McLennan 1985) . This compositional coincidence may not demonstrate a specific mix of detrital sources, but it does illustrate the viability of a mixed provenance for Unkar mudstones.
Ti, Cr, Ni, and the HREEs Tb and Yb show greater than 40% enrichment from the expected composition of the 2:1:1 source mix. This is may be due to hydrodynamic sorting, which can result in an increased mica content (Garver et al. 1996) in the finer fraction, and the presence of finer-grained heavy minerals, particularly zircon, in the silt fraction. The clay fraction/whole rock REE systematics (Fig. 8) indicate that zircon is a significant contributor to the HREE budget. Both biotite and chlorite, which occur in the clay and silt size fractions, may contain significant amounts of Cr, Ni, and Ti. Clay-sized anatase is also a common matrix constituent in Unkar sediment.
The exceptional degree of preservation of Dox Formation mudstones is consistent with rapid erosion and deposition of source material, particularly the increased plagioclase abundance in the Escalante Creek and Solomon Temple members. In situ exposure and weathering were variable, but not intense. The abundance of well-preserved mudstone intraclasts indicates that reworking and deposition of fine-grained sediment was also rapid. The persistent occurrence of intraclasts throughout most of the Dox Formation indicates relatively rapid, intraformational recycling of mudstones. The similarity of mudstone clast and Unkar matrix (Fig. 4F ) compositions indicates that intraformational recycling of sediment occurs without significant fractionation of mineralogy or bulk chemistry. Without the definitive identification of primary mineral components (detrital plagioclase, biotite, muscovite, apatite) indicative of crystalline protolith, it would not be possible to discern a crystalline from a sedimentary source for Unkar mudstones. 
Sedimentation in the Unkar Basin
The data on zircon age distribution (Fig. 2) suggest that much of the basal Hakatai sediment is GO-derived and, therefore, that fluvial systems were delivering Grenville detritus from the orogenic front across the inferred foreland, a distance of some 800 km (Fig. 1) . As the foreland matured, and perhaps orogenesis slowed, distributary systems developed within the YM and SGRT that mixed this detritus with GO material. If the zircon age-distribution data are representative of sediment volumes, during Shinumo time YM and SRGT detritus dominated the sedimentary input into the Unkar Basin. This implies a shift from southern to more easterly sources for sediment that may have included an Archean component from the Wyoming Craton. Alternatively, Archean zircons are an inherited component of the YM terrane (e.g., Hawkins et al. 1996) . At the onset of Dox deposition, perhaps in response to renewed orogenesis, GO detritus again surged into the Unkar Basin. Paleocurrent data from the lower Dox Formation indicate flow directions to the north and northeast (Timmons et al. 2005) . The increased abundance of plagioclase and biotite in the Escalante Creek Member is consistent with this scenario. The compositional change between the Solomon Temple and Comanche Point members, characterized by an increase in K-feldspar, muscovite, hematite, and diagenetic dolomitization, is consistent with a slower sedimentation rate and a lull in orogenesis. Detrital calcite in the Comanche Point Member indicates erosion and recycling of uplifted marine sediment from the evolving foreland. Coarsesand-size mudchips indicate localized, intraformational recycling of mudstone.
Age constraints on the duration of Unkar deposition are tenuous (Fig. 2) but could be as short as , 30 My or as long as , 100 My. The approximate thickness of the conformable Shinumo-Dox succession is 1.1 km, which yields a compacted sedimentation rate of between 1 and 3.6 cm/10 3 yr. This range is comparable to modeled subsidence rates for the Western Canada Sedimentary Basin (Jervey 1992) , and the higher rate is comparable to Cretaceous foreland basin deposits (e.g., Schrö derAdams et al. 1996) of western Canada.
CONCLUSIONS
The synthesis of geochemistry, mineralogy, and petrography with detrital zircon U-Pb data allows specific provenance information, constraints on weathering characteristics, and the effects of transport and hydrodynamic sorting on Unkar Group sediment. Sandstone detrital zircon geochronology implicates the Grenville Orogen (GO) of southwest Texas as a primary source of Hakatai and Dox Formation sediment. Additional sediment sources include the adjacent Yavapai-Mazatzal (YM) and Southern Granite Rhyolite (SGR) terranes and possibly the Archean Wyoming Craton.
Weathering effects in source areas and during Unkar deposition were minimal to moderate, consistent with a temperate climate in an orogenic setting. The hydrolysis of plagioclase and micas resulted in a secondary mineral assemblage dominated by quartz and clay minerals. Petrographic characteristics and the dominance of 2M 1 illite, in addition to chlorite and kaolinite, indicate that the clay fraction is largely detrital in origin. Bulk chemical trends for K, Ca, Na, and Al suggest, however, that up to , 7 wt% of the K, or , 12-15 wt% of the illite in the Dox Formation, may result from K-metasomatism. The Bass and, to a lesser extent, the Hakatai formations locally have been altered by contact metamorphism to hornfels facies.
The chemistry of remnant GO point sources located in west and southwest Texas, as well as crystalline igneous and metamorphic basement from the adjacent YM and SGR terranes, are representative (Taylor and McLennan 1985) . Elements with . 40% enrichment in Dox samples are white boxes. See Table 3 for numerical values and text for discussion. Hf and REE distributions indicate that the clay-size mineral fraction and variable zircon content and size distribution control the REE systematics in Unkar samples. Although the REE signatures preserve provenance information, they are perturbed by hydrodyamic effects during transport and deposition that fractionate clay-size material and the heavy-mineral suite. Ni, Cr, and Ti, in addition to Tb and Yb, are enriched relative to a potential mixed protolith, most likely due to variable zircon and increased biotite and chlorite content. Unkar Group mudstone geochemical compositions and mineralogy reflect a mixed provenance signature subtly altered by weathering, transport, deposition, and diagenesis. Without detailed petrographic examination and determination of quantitative mineral modes, it would not be possible to discern a sedimentary from a crystalline source for much of the Unkar sedimentary package.
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